Abstract-WindSat, the first polarimetric radiometer on orbit, launched in January 2003, provides the promise of passive ocean wind vector retrievals on a continuous basis, simultaneous with the retrieval of many other geophysical variables such as sea surface temperature, atmospheric water vapor, cloud liquid water, and sea ice extent and concentration. WindSat also serves as risk reduction for the upcoming National Polar-orbiting Operational Environmental Satellite System (NPOESS) Conical Scanning Microwave Imager/Sounder (CMIS). Since the dependence of microwave brightness temperatures on wind direction is small relative to that of other parameters such as wind speed, wind direction retrieval relies on increasingly accurate knowledge of the ocean surface microwave emission, which depends upon surface properties such as roughness and foam due to wave breaking. Coordinated near-surface measurements of ocean surface microwave emission and air-sea interaction parameters are needed to quantify the effects of the processes mentioned above in surface emission models to improve the accuracy of wind vector retrievals. Such coordinated observations were performed during the Fluxes, Air-Sea Interaction, and Remote Sensing (FAIRS) experiment conducted on the R/P Floating Instrument Platform (FLIP) in the northeastern Pacific Ocean during the Fall of 2000. X-and Ka-band partially polarimetric radiometers were mounted at the end of the port boom of R/P FLIP to measure ocean surface emission at incidence angles of 45 , 53 , and 65 . A bore-sighted video camera recorded the fractional area of foam in the field of view of the radiometers. Air-sea interaction parameters that were measured concurrently include wind speed, friction velocity, heat fluxes, and significant wave height. The measured dependence of ocean surface emissivity on wind speed and friction velocity is in good agreement with, and extends, earlier observations and empirical models based on satellite data. Concurrent radiometric measurements and fractional Manuscript received March 31, 2004; revised March 7, 2005. This was supported in part by the Department of the Navy, Office of Naval Research under Awards N0014-00-1-0280 and N00014-03-1-0044 to the University of Massachusetts, Award N0014-00-1-0152 to the University of Washington, and Award N0014-00-WX2-1032 to the Naval Research Laboratory, and in part by the National Polar-orbiting Operational Environmental Satellite System (NPOESS) area foam coverage data strengthen the possibility of retrieval of sea surface foam coverage using airborne or spaceborne radiometry. The dependence of emissivity on atmospheric stability is shown to be much smaller than the dependence of emissivity on wind speed. Analysis of emissivity dependence on atmospheric stability alone was inconclusive, due to the variation in atmospheric stability with wind speed. The effect of long-wave incidence angle modulation on sea surface emissivity for near-surface measurements was found to be negligible when emissivity measurements were averaged over tens to hundreds of long waves.
I. INTRODUCTION

S
INCE the late 1980s, ocean surface wind speed has been retrieved on a global basis from microwave brightness temperatures measured by the Special Sensor Microwave/Imager (SSM/I) deployed on the Defense Meteorological Satellite Program (DMSP) satellites. The accuracy of the D-matrix algorithm for these retrievals is approximately 2 m/s for nonraining conditions [1] . Recent studies have shown that a wind direction signature also exists, so there is the potential to retrieve the ocean surface wind vector from passive microwave observations. However, vertically and horizontally polarized brightness temperatures such as those measured by the SSM/I sensors enable unambiguous wind direction retrievals only after averaging over thousands of measurements [2] . Fully polarimetric radiometers are expected to have the potential to measure the ocean surface wind vector with much shorter averaging times. As a proof-of-concept to demonstrate the efficacy of wind vector retrieval using polarimetric microwave radiometry, the Naval Research Laboratory (NRL) launched WindSat on January 6, 2003, for the U.S. Navy and the National Polar-orbiting Operational Environmental Satellite System (NPOESS) Integrated Program Office. WindSat is the first spaceborne polarimetric microwave radiometer. Since the wind direction signal in brightness temperature is a maximum of 2-3 K peak-to-peak, significantly smaller than that of the wind speed, knowledge of how various ocean surface and air-sea interaction processes affect microwave emission is critical to improve the error budget for wind vector retrieval.
II. OBSERVATIONS
During September-October, 2000, a 27-day field experiment aboard the R/P Floating Instrument Platform (FLIP) was conducted to study surface wave processes such as microbreaking, 0196 whitecaps, and microbubbles that affect the fluxes of heat, gas, and momentum across the air-sea interface. During this campaign, known as the Fluxes, Air-Sea Interaction and Remote Sensing (FAIRS) experiment, FLIP was deployed at an initial location of 36.96 N, 123.60 W, (i.e., 105 km off the coast of Santa Cruz, CA) and operated in free drift mode for 27 days ending at 34.83 N, 123.25 W (i.e., 190 km offshore from Hearst Castle). FLIP provided a stable oceanic platform from which to perform both remote sensing measurements using infrared, active and passive microwave sensors, and measurements of heat and momentum fluxes, subsurface turbulence, and surface wave height.
The FAIRS experiment was a unique opportunity to perform near-surface radiometric measurements simultaneously with collocated in situ air-sea interface observations to study how a variety of air-sea interface properties affect surface microwave emission. Radiometric measurements were performed using X-band (10.8 GHz) and Ka-band (37 GHz) partially polarimetric radiometers constructed by NRL and the University of Massachusetts (UMass) Amherst, respectively. In addition to the horizontal and vertical polarizations, the 45 and 45 linear polarizations were measured at both frequencies, and the left-hand and right-hand circular polarizations were measured at X-band. Results reported in this paper are limited to and polarizations since the repeatability of and measurements was limited due to the motion of FLIP (see Sections III-A and III-B).
The radiometers were mounted at the end of the port boom of FLIP at a height of 10.5 m above the ocean surface, as shown in Fig. 1 . Radiometric measurements were performed in azimuth angle scans at incidence angles of 45 , 53 , and 65 , each consisting of measurements at 9-12 equally spaced azimuth angles over the range of 145 to 355 with respect to the wind direction, where the view of the ocean surface was not obstructed by FLIP. For wind speeds at 10 m height greater than 3-4 m/s, in free-drift mode FLIP acts as a wind vane so that the mean wind direction is 15 starboard of its vertically oriented keel. The measured azimuth angle of the keel was used along with wind direction measurements to determine the true azimuth angle of each measurement. All antenna temperatures reported in this paper are averaged over an entire azimuth angle scan, which varied in duration of ocean surface observation, with an average of 18 min and a standard deviation of 6 min.
The mean sea surface temperature (SST) during the FAIRS experiment was 289.5 K, with a maximum variation of 0.5 K. The errors introduced by assuming a constant, mean SST for this study are less than 0.002 in emissivity, and are negligible for the purposes of this paper.
III. RADIOMETRIC MEASUREMENTS
The characteristics of the X-band and Ka-band radiometers used during the FAIRS experiment are given in Table I . The X-band (10.8 GHz) polarimetric radiometer employed a total power design and used internal cold and ambient reference loads to compute gain and antenna temperature; external calibrations were performed using liquid nitrogen and ambient load measurements. The Ka-band (37 GHz) radiometer was calibrated using tipcurves to provide a "cold" reference source of 2.7 K [3] and by measuring an ambient load as a "hot" reference. Between external calibrations, a stable internal reference noise source was utilized for gain variation correction. The Ka-band partially polarimetric radiometer was Dicke switched. Both radiometer antennas had half-power (3 dB) beamwidths of 7 .
An example time series of 37-GHz antenna temperature when viewing the ocean surface at horizontal and vertical polarization during FAIRS is shown in Fig. 2 . These data were recorded at an incidence angle of 53 and at a wind speed of 12 m/s. The wave pattern in both the horizontal and vertical polarizations is principally the result of gravity waves on the ocean surface propagating through the field of view. By averaging over many long waves, e.g., for a 1-min interval, over which the atmospheric and oceanic conditions are relatively constant, an average antenna temperature is obtained for each incidence and azimuth angle.
A. Roll Angle Correction
Although FLIP is relatively stable, large swell and high winds may cause significant roll and pitch motions. The X-band polarimetric radiometer utilized two clinometers to measure the roll and pitch of the instrument suite. Sample time series of the roll and pitch angles of the radiometers are shown in Fig. 3 . During nearly the entire experiment, the peak-to-peak roll variation was smaller than 3 . The effect of rotation of the polarization axes by an angle in the clockwise direction is a linear transformation as [4] (1) where , , , are the four modified Stokes parameters in brightness temperatures in the measured polarization basis, and , , , are the same parameters in the ideal polarization basis. Since the roll angle is small and is much smaller than or (aircraft measurements show that its value is less than 4 K peak-to-peak for the wind speeds encountered during FAIRS, e.g., [5] ), the term was neglected to correct the first two modified Stokes parameters for roll angle variations.
The resulting antenna temperature corrections as a function of roll angle are shown in Fig. 4 for typical 37-GHz vertical and horizontal brightness temperatures of 200-220 and 100-120 K, respectively. For the range of roll angles observed during FAIRS, the expected correction for roll angle variations was always less than 0.4 K.
B. Pitch Angle Correction
In addition to the roll, the radiometers experienced pitch angle variations due to FLIP's motion, which resulted in small incidence angle changes that were less than 2 peak-to-peak (when averaged over each measurement) for nearly the entire experiment. A procedure used for the correction of aircraft measurements by Gasiewski at NOAA/ETL [6] was adopted to compensate for these variations as described in this section. In order to model the effect of incidence angle variations on brightness temperatures measured when viewing the surface, one needs to take into account both the reflected downwelling atmospheric radiation and surface emission, both attenuated by atmospheric absorption during upward propagation. For FAIRS measurements at less than 25-m range from the surface, both the upwelling radiation from the atmosphere and the attenuation on the upward path can be neglected. In addition, values of downwelling radiation were extrapolated from tipcurves performed throughout the experiment. The average values of zenith atmospheric downwelling during the FAIRS experiment, i.e., 7 K at X-band and 20 K at Ka-band, were used to determine the brightness temperature sensitivities to incidence angle. The percentage errors as a result of assuming constant atmospheric downwelling temperature are less than 2% and 5% of the incidence angle sensitivities, and , respectively. After accounting for the reflected downwelling radiation, the incidence angle sensitivities of the measured ocean surface emission were modeled using the Kirchhoff method with the stationary phase approximation as formulated by Camps and Reising [7] . To avoid the need to calculate for every measured incidence angle, and since the variations in incidence angle were less than , the values were assumed to be constant over this range, and equal to their average values. This approximation leads to errors in of less than 0.1 K/deg. The calculated values, including the effect of the reflected downwelling, are listed in Tables II and III for X-and Ka-band at three given wind speeds of 7.5, 10.5, and 13.5 m/s, representative wind speeds for three ranges of significant wind speeds during FAIRS, 6-9, 9-12, and 12-15 m/s. The observed antenna temperatures were corrected for measured incidence angle variations using the following equations:
where and are the vertical and horizontal polarization brightness temperatures corrected for incidence angle variation, is the intended incidence angle of the radiometer, and is the actual incidence angle due to FLIP's motion. 
C. Calculation of Sea Surface Emissivity
As stated in the previous section, for near-surface radiometric measurements, the measured antenna temperature viewing the ocean surface is the sum of the surface emission and the reflected downwelling atmospheric emission, which can be approximated for specular scattering as (4) where is the antenna temperature, is the emissivity of the ocean surface, is the physical temperature of the water surface, and is the brightness temperature of the downwelling sky radiation at the specular angle. During the FAIRS experiment, following each azimuth angle scan of the ocean surface at a given incidence angle, the downwelling atmospheric radiation was measured at the corresponding specular angle. From (4), the emissivity of the ocean surface was calculated from the measurements as (5) IV. IN SITU MEASUREMENTS The FAIRS experiment was designed to allow concurrent and collocated measurement of a suite of remote sensing and air-sea interaction parameters. This enables determination of the effects of surface wave processes and air-sea energy fluxes on sea surface microwave emissivity. In this section, the available air-sea interaction datasets from FAIRS will be discussed in terms of how they may be used for this purpose.
The energy imparted to the ocean surface by the wind generates waves that affect microwave emissivity by increasing the surface roughness, through the generation of foam by wave breaking and by modulating the local incidence angle due to long-wave slopes. Because changes in these variables at a given radiometer incidence angle account for the majority of the short-term average variation in the emission from the sea surface at higher microwave frequencies, wind speed is the most fundamental air-sea interaction parameter.
The primary wind speed dataset from FAIRS was measured using an RM Young anemometer mounted on FLIP's radio mast at a height of 25 m above the sea surface. These wind speeds have been corrected to , the wind speed that would have been measured at a reference height of 10 m assuming neutral atmospheric stability, using the method of Large and Pond [8] .
Also available during FAIRS were direct measurements of the friction velocity, , which is a fundamental air-sea interaction parameter related to the transfer of momentum between the air and the water surface. Defined as the square root of wind stress divided by the density of water, may be interpreted as the rate at which momentum is transmitted to the water surface by the wind field per unit surface area [9] . Because the momentum flux is closely related to the details of the surface wave field at small spatial scales, in theory is more closely correlated with ocean surface roughness than is. Therefore the sea surface microwave emissivity, which is a function of surface roughness, is expected to be correlated with . During FAIRS, 10-min average values of were measured by J. Edson, W. McGillis, and C. Zappa of the Woods Hole Oceanographic Institute (WHOI) using the direct covariance method [10] . In this technique, the Reynolds' stress is determined directly by measuring the correlation of the fluctuating vertical and horizontal wind motions [11] .
Atmospheric stability is a measure of any density stratification in the air-phase present at the sea surface. Stability is relevant to the study of microwave emissivity because under conditions of stable stratification, air-phase turbulence motions near the water surface are suppressed due to the increased energy required to overcome the vertical stratification. Therefore, the ocean surface roughness at a given wind speed decreases as atmospheric stability increases. Conversely, unstable atmospheric boundary layers increase near-surface water turbulence since air masses release energy when displaced upward. This leads to an increase in the Reynolds' stresses at the sea surface and a concomitant increase in surface roughness. Because microwave emissivity is a function of sea surface roughness, it might be expected that atmospheric stability and emissivity would be correlated (positively or negatively depending on polarization and incidence angle) for a particular wind speed. This implies that the observed variance in emissivity at a particular wind speed might be due to changes in atmospheric stability at that wind speed.
The buoyancy of air parcels at the air-sea interface is controlled by and the sensible and latent heat fluxes across the air-sea interface [12] . The flux of sensible heat is defined as the heat required to change the physical temperature of an air mass. Latent heat is the energy required to convert water molecules from the liquid to the gaseous phase. From this definition, the latent heat flux is defined as the air-sea flux of water vapor multiplied by the latent heat of vaporization of water. The water vapor flux defined by also affects the buoyancy of an air parcel because water vapor is less dense than air.
The stability of the air-sea interface is defined in terms of the ratio of the boundary layer height to the Monin-Obukhov length [12] with negative values of this ratio defining unstable conditions, positive values defining stable conditions, and a value of zero referred to as neutral stability. Because the boundary layer height is always greater than zero, and under the conditions present during FAIRS, it was approximately constant at 1 km, the critical parameter that determined atmospheric stability was , which may be calculated from , , and as [12] (6) where is the average air temperature in the boundary layer, is the von Karman constant, equal to 0.4, is the density of air at the water surface, is the heat capacity of air, and is the latent heat of vaporization of water. By convention both and are defined to be positive for a heat flux from the ocean to the atmosphere. This implies that will be negative for unstably stratified boundary layers and positive for stable stratifications.
During FAIRS, and were measured by J. Edson, W. McGillis, and C. Zappa of WHOI as 10-min average values.
was measured by the direct covariance technique for heat [10] , which measures the correlations between the fluctuations in air temperature and vertical velocity.
was determined during FAIRS from the measurements of using the bulk formula method [11] and direct measurements of the specific humidity of the atmosphere. This dataset of , , and can be used in (6) to calculate .
Foam generated by breaking waves also affects the sea surface microwave emissivity [13] . In order to study the correlation of fractional area foam coverage with microwave emissivity, sea surface optical images were recorded at 1-s intervals using a video camera bore-sighted with the radiometers. The fractional area of foam due to whitecaps in the field of view of these radiometers was derived from these images using grayscale analysis [14] . The prevailing wind direction during FAIRS was from the northwest, and due to the alignment of FLIP's keel within 15 of the wind direction (see Section II), the video camera used for recording sea surface images on the port-side boom faced in a southerly direction for nearly all azimuth angles studied here. This southern exposure of the camera led to bright specular reflections of the sky being present in the video images for most of the radiometric measurement times. These areas of specular reflection had brightness levels similar to those of breaking waves, and it was not possible to extract whitecap coverage reliably from such video images. It is also not possible to measure foam coverage at night when there is not enough ambient light to image the whitecaps. Therefore, the dataset for is much smaller than the radiometric dataset.
Large-scale waves affect the measured microwave brightness temperature by changing the local incidence angle of the sea surface. This effect will be seen as an oscillation in brightness temperature around the mean value. However, brightness temperatures averaged over many wave periods will be unaffected since the oscillations will average out. In order to test this assumption, significant wave height was measured as a 10-min average during FAIRS by C. Zappa of WHOI using a laser altimeter mounted on the port-side boom of FLIP. Following convention, is defined as being approximately equal to the average of the highest one-third of the waves.
V. RESULTS
Microwave brightness temperatures of the Pacific Ocean were measured during FAIRS, and ocean surface emissivity was calculated using (5). These ocean surface emissivities at vertical and horizontal polarizations, as well as their difference ( , , and ), were compared separately with in situ measurements of , , , , and . The resulting comparisons are discussed in Sections V-A to V-E below.
A. Correlation of Ocean Surface Emissivity With Wind Speed
Empirically based retrievals of ocean surface wind speed from the DMSP SSM/I instruments have an accuracy of approximately 1-2 m/s [1] , [15] . Since the magnitude of linearly polarized brightness temperatures is highly dependent upon atmospheric and sea surface conditions, formulating a consistent forward model of wind speed based on geophysical parameters is difficult. Therefore, near-surface measurements are useful to validate forward models in the presence of instrumental noise and geophysical variability and as a function of measured air-sea interaction parameters. The resulting , , and are shown in Fig. 5 as a function of for 45 , 53 , and 65 incidence angles. A good linear fit between emissivity and was found in the range 4-16 m/s at all three incidence angles. The linear fit and the correlation coefficients of the data in Fig. 5 are shown in Tables IV and V. For , these data show a positive dependence at 45 incidence, very little dependence at 53 incidence, and negative dependence at 65 incidence. The dependence of on is consistent with earlier measurements and with Stogryn's theoretical predictions [16] . The data were well correlated except for at 53 and to a lesser extent at 45 . Positive correlation was observed for at all three incidence angles.
was observed to decrease with increasing as expected, since it depends on surface roughness, and in general it has higher correlation with than or do separately. Taking the difference between linear brightness temperatures minimizes errors in calibration when the same target is used to calibrate both channels. It is also advantageous for spaceborne radiometers since it reduces the errors due to atmospheric conditions in retrieving ocean surface emission.
These observations are in good agreement with tower and aircraft measurements reported in the literature during the 1970s [17] , [18] . Hollinger [17] reported ocean surface brightness temperatures measured at an incidence angle of 55 from Argus Island Tower, 45 km from Bermuda. Wind speed was measured at 44.3 m height. Webster et al. [18] observed sea surface brightness temperature at 37 GHz from an aircraft at 155 m height at an incidence angle of 38 . Wind speeds were measured at 155 m height and scaled to 20 m height as described in [18] . Both the Hollinger tower data [17] and the Webster et al. aircraft data [18] were presented as brightness temperatures of the ocean surface, with the reflected downwelling radiation already removed. To report ocean surface emissivities in the present study, the brightness temperatures were divided by the average ocean temperature in [17] and [18] . Assuming neutral atmospheric stability, the wind speed measurements of both [17] and [18] were scaled to a reference 10 m height. In addition, the FAIRS and Webster Fig. 6 . In spite of the 20% frequency difference, the slopes are in quite good agreement, and the surface emissivities differ by at most 0.025. Fig. 6 . Comparison of variation with wind speed U of observed ocean surface emissivity at X-band at (top) V-pol, E and (bottom) H-pol, E at 53 incidence angle with Hollinger's observations at 55 incidence angle [17] .
Comparison of Wentz's model [15] and Webster et al.'s measurements [18] at 37 GHz with observations of and at the same frequency during FAIRS is shown in Fig. 7 (differing in incidence angle by up to 10 ). The two measured datasets have slopes that differ by only 11%. There have been few opportunities in the past to compare modeled wind speed dependence with ocean surface emissivity measured near the surface.
For comparison, analysis of TOPEX Microwave Radiometer nadir brightness temperatures by Tran et al. [19] found that, for values over 7 m/s, the slope of the wind-induced emissivity with varied from at 18 GHz to at 37 GHz. This is arguably in better agreement with the FAIRS- Wentz's empirical model at 48 incidence (minimum) [15] . measured variation with of at 10 GHz and at 37 GHz (both at 53 incidence), than with the Webster et al.
variation with of and at the same frequencies (both at 38 incidence).
B. Correlation of Ocean Surface Emissivity With Friction Velocity
Because is directly related to the magnitude of the air-sea momentum flux, it is more closely related to surface roughness than is. In the absence of other factors such as measurement error, it might therefore be expected that would show a higher correlation with ocean surface emissivity than . However, because determining requires simultaneously measuring both the vertical scalar and along-stream horizontal vector components of the wind velocity, there are greater inherent errors involved in the determination of as compared to measuring . During FAIRS, the dependence of , , and on was observed to be similar to the relationship between the three and , after scaling the slopes of linear fits, as is evident from comparing Figs. 5 and 8. The linear fit and correlation coefficients for the data in Fig. 8 are provided in Tables VI and VII. From a comparison of Tables IV and V with VI and VII, little overall difference was found between the correlation coefficients of the , , and variations with and with .
C. Correlation of Ocean Surface Emissivity With Atmospheric Stability
To determine the effect of atmospheric stability on sea surface emission, the Monin-Obukhov length defined in (6) was calculated from the , , and measurements performed during FAIRS. It is misleading to study the correlations of , , and with without restricting the data to a specific wind speed range. Because is a function of and the heat fluxes, all of which are functions of , the dependence of microwave emissivity on will be aliased onto the already observed dependence of the emissivity on . Therefore, for this analysis, measurements were restricted to three relatively narrow ranges in of 6-9, 9-12, and 12-15 m/s. It is known that at a given wind speed, decreases in atmospheric stability will lead to a rougher water surface. This increase in roughness should correspond to a change in emissivity, specifically an increase in H-pol and low incidence V-pol microwave emissions. Because decreases with decreasing stability, it would be expected that emissivity (H-pol and low incidence V-pol) and would be anticorrelated over a restricted wind speed range, where decreases in would lead to increases in emissivity.
A plot of and as a function of for the 9-12-m/s wind speed range for both X-and Ka-band is shown in Fig. 9 . There are no clear trends or correlations between either or and observed in the data for the 9-12-m/s wind speed range shown in Fig. 9 . Although not shown, was found to be uncorrelated with either or for both the lower and higher wind speed ranges analyzed. Therefore, the results of this study do not show that atmospheric stability affects sea surface emissivity. The lack of observed correlation between microwave emissivity and suggests that atmospheric stability may be ignored as a first-order effect in modeling sea surface microwave emissivity. Additionally, these data show that despite the latest methods used here, the experimental uncertainties and variability in the physical processes result in signal-to-noise ratios that are too small to resolve these effects.
D. Correlation of Ocean Surface Emissivity With Fractional Area Foam Coverage
The available data of 37-GHz ocean surface emissivity at 53 incidence is plotted as a function of in Fig. 10 . As expected, both and were correlated with fractional area foam coverage, with the relationship (7) (8) One explanation for the increased scatter between emissivity and as compared to the scatter between emissivity and observed in Fig. 5 is that the radiometric data presented in Fig. 10 was averaged over a 2-min period instead of the 18-min period in Fig. 5 .
The data shown in Fig. 10 suggest the possibility of retrieval of fractional area foam coverage over the sea surface using spaceborne radiometry. However, there are insufficient data to date to derive a retrieval algorithm for doing so. For (7) and (8) , the reported emissivity measurements of the sea surface included microwave emissions from both the rough sea surface and foam on the sea surface. Analysis of the relationship between the emissivity of foam and incidence/azimuth angles of the measurement is in progress [20] and is beyond the scope of this paper.
E. Correlation of Ocean Surface Emissivity With Significant Wave Height
As is evident in Fig. 2 , local incidence angle modulation caused by large waves was observed in the measured microwave emissivity, especially for incidence angles greater than 60 . However, because both and emissivity are functions of , it is not possible to determine if large waves affect the average brightness temperature by simply plotting emissivity versus . Therefore, to determine if there was any effect of long-wave slope modulation on average emissivity, it was necessary to account for the dependence of both emissivity and on . This was done by using the data in Fig. 11 , which shows plotted versus from the FAIRS dataset, to derive a linear relationship between and . The result is (9) A relationship between emissivity and was then derived from (9) and from the coefficients for predicting X-band and Ka-band emissivity from given in Tables IV and V . Using this relationship, emissivity can be predicted as a function of that incorporates the dependence of on . This can be compared to the observed dependence of emissivity on to determine if there is any significant difference, which would be presumably due to an effect of itself on emissivity. Fig. 12 shows the measured values of and plotted versus the measured data for the FAIRS dataset. Also shown in Fig. 12 are the emissivity values derived as described above. Comparison of the observed and derived emissivities as a function of shows very good agreement at both frequencies and all three incidence angles measured. It was observed that averaging brightness temperature measurements over many long waves removed any significant effect of long-wave slope modulation on the measured average microwave emissivities.
The analysis above should not be taken to imply that there is no effect of the large waves on the microwave signal. For example, the standard deviation of the mean emissivity is determined in large part by the oscillations in brightness temperature seen in Fig. 2 caused by changes in slope. Fig. 13 shows the standard deviation in the emissivities at 37 GHz, and , computed for each data point at a particular wind speed, plotted versus significant wave height . As shown in Fig. 13 , and were observed to increase linearly with at incidence angles of 45 , 53 , and 65 , and this increase is larger than would be expected based on assuming that and were simply increasing with wind speed. This demonstrates that although the changes in slope due to the large-scale waves did not affect the mean emissivity, the large-scale waves affect the variance of the measured emissivity. 
VI. SUMMARY
During the FAIRS experiment in the northeastern Pacific Ocean, concurrent measurements were performed of ocean surface microwave emissivity ( and ) at X-band and Ka-band, and of air-sea interaction parameters including wind speed , friction velocity , fractional area foam coverage, sensible and latent heat fluxes, and significant wave height. As expected from theoretical considerations, at Ka-band, increased with at 45 incidence, showed very little dependence on at 53 incidence, and decreased with at 65 incidence. increased with increasing at all three incidence angles measured. X-band measurements agreed for the incidence angles at which they were measured, namely 53 and 65 .
was observed to decrease with increasing , as expected, and it has higher correlation with than either or separately. The measured dependence of and at 10.8 GHz at 53 incidence was similar to tower measurements by Hollinger [17] at 8.4 GHz at 55 incidence. The slopes of dependence of and at Ka-band at 45 incidence were in good agreement both with aircraft measurements at the same frequency by Webster et al. [18] and with an SSM/I-based empirical model formulated by Wentz [15] .
It is well known that an increase in sea surface emissivity at moderate to high wind speeds is caused by both increasing surface roughness and the generation of foam. Concurrent radio- metric and fractional area foam coverage measurements suggest the possibility of retrieving sea surface fractional area foam coverage using microwave radiometry.
Ocean surface roughness is influenced by atmospheric stability at the air-sea interface. Atmospheric stability was measured in terms of Monin-Obukhov length from measurements of friction velocity, sensible and latent heat fluxes. Dependence of emissivity on atmospheric stability alone could not be observed due to the variation of atmospheric stability with wind speed. Errors involved in near-surface emissivity measurements due to sea surface slope modulation were observed to be negligible when emissivity measurements were averaged over tens of long waves.
When validating ocean surface emission measurements, it is important to measure not only wind speed but also friction velocity because of its closer correlation with surface roughness than wind speed and because of its independence of the height of the measurement. Theoretically, ocean surface emissivity is expected to be better correlated with friction velocity. However, in this study, , , and at X-band and Ka-band were very similarly correlated to as they were to . This could be due to greater inherent errors involved in measuring as compared to measuring . This dataset also underscores the inherent difficulties involved in performing passive microwave radiometric measurements at sea. Because the various processes controlling microwave emissivity are interdependent, it is extremely difficult to measure microwave emissivities over the entire phase space of forcing functions in a single experiment. This is especially true for studying the effect of foam on polarimetric microwave radiometry. Foam effects are observed only for high wind speed events that generally occur infrequently for short durations (e.g., during the 30-day measurement period of FAIRS, there were only such two events, with a total duration of two days, during which wind speeds were in excess of 14 m/s). In this sense, the data presented here may be viewed as part of a continuing archive of data that is available to validate and improve both microwave retrieval algorithms and sea surface electromagnetic scattering and emission models. He is currently working as a Software Quality Analyst at Vensoft, Phoenix, AZ. During 2004, as a Staff Scientist at the Applied Physics Laboratory, University of Washington, he performed image processing of sea surface optical images to study the correlation between air-sea interaction parameters and the emissivity of foam due to breaking waves.
